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REVIEWS
Intravascular Ultrasound Imaging : A Current Perspective
KEVIN M . COY, MD, GERALD MAURER, MD . FACC, ROBERT 1 . SIEGEL, MD . FACC
Los Angeles, California
Catheter-based intravascular ultrasound imaging has evolved
from a research trial to a device that has received Food and Drug
Administration approval . Although it is currently employed as an
adjunct to contrast angiography in both the peripheral and the
coronary circulation, the indications for its use and its clinical
utility have yet to be defined
. Much of the research on the
technique has explored its qualitative and quantitative capabilities
to improve the assessment of atherosclerotic vascular disease .
There is the lope that this imaging technique may ultimately
improve the performance of endovascular interventions .
This review describes the development of the technology from
The Need for Newer Intravascular
Imaging Techniques
Recent interest in improving intravascular imaging de-
vices has focused on techniques that provide more informa-
tion about plaque
. the vessel wall as well as luminal charac-
teristics.
Fiberoptie angiascopy
. The advent of fiberoptic angios-
copy has yielded new insights into the presence of thrombus
in acute ischemic syndromes and provided a means to assess
surgical bypass graft patency and graft placement (1). An-
gioscopy provides information about the endovascular sur-
face and is sensitive in the detection of :ntraluminal flaps .
dissections and thrombi . However, this technique is limited
by the requirement of a blood-free medium necessitating
cumbersome continuous flushing and it does not have the
ability to image beyond the intima . The increasing need to
understand the atherosclerotic process itself gave rise to the
development of catheter-based ultrasound imaging technol-
ogy capable of providing information about the vessel wall
and plaque composition in vivo .
Contrast angiography . Although contrast angiography re-
mains the method of choice for quantitative assessment of
atherosclerotic vascular disease. it is a less than ideal
reference standard because of limitations in 1) detection
of early or minimal atherosclerotic disease, 2) accurate
estimation of the severity of stenosis and vessel diameter
.
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early in cites validation studies to its present use in human
subjects. Wherever possible, studies that validate the findings
(that is . by comparison with hislopalhology results) of intravas-
cular ultrasound are emphasized . Although there is great promise
for this technology . limitations such u loss of image quality in
severely diseased or heavily calcified vessels hinder its use . The
application of imaging with endovascular intervention, imaging of
intracardiac structures and the pulmonary circulation and new
techniques such as computer image analysis are discussed .
U Am Coll Cordial 1991:18:1811-23)
3) differentiation of eccentric from concentric plaques,
4) identification of plaque composition . 5) detection of
plaque ulceration or dissection, and 6) identification of
thrombus ( 1-6) . With contrast angiography . radiedense ma-
terial is visualized within the vessel . with the contrast
medium outlining the lumen . Stenosis is defined as a narrow-
ing in this column of contrast medium and is graded as a
percent stenosis compared with a presumably normal adja-
cent segment
. The addition of computerized image analysis
using such techniques as automatic edge detection and
digital angiography (7 .8) improves angiographic reproduc-
ibility . which has considerable inter- and intraobserver vari-
ability 19 .10) . However. the validity of angiographic gnanti-
fication bus been challenged
. Studies (2-4) comparing
cineangiographic and necropsy findings have demonstrated
diffuse atherosclerosis in angiographically normal adjacent
segments . However, these postmortem studies (2-4) also
have limitations because undistended and formalin-fixed
vessels may be altered by shrinkage, which could influence
measurements. McPherson et al. (l1), using high frequency
(12-M!Hz) epicardial echocardiography al the time of cardiac
surgery, found that segments appearing angiographically
normal had diffuse intimal atherosclerosis . The diffuse ath-
erosclerosis often present in segments adjacent to a stenosis
leads to underestimation of the severity ofthe stenosis and in
part may account for the lack of angiographic sensitivity in
the detection of mild intimal proliferative lesions
. In addi-
tion, 7055 to 807r of stenoses are found by pathologic
examination to be eccentric (12)
. This eccentricity further
confounds planar imaging of arteries. which are three-
dimensional structures . Moreover, the angiographic "lumi-
nogram" gives no information about the relation between
vessel diameter and arterial wall thickness
.
D715-1r9'J'91s150
1812
	
COY nT Al . .
INTRAVASCDLAR ULTRASOUND IMAGING
Jntravascular ultrasound. This method has the potential
to overcome some of the qualitative and quantitative limita-
tions of angiography in the evaluation of atherosclerotic
vascular disease . Figure I shows the superior ability of
ultrasound, as compared with contrast angiography, to iden-
tify plaque location and extent . For quantitating atheroscle-
rosis. angiography provides
a useful general "road map"
assessment of the extent of disease ; however . for more
precise assessment. new techniques are needed. Although
angioscopy is nonquantitative and difficult to u se . it appears
to be highly accurate in identifying
intravascular thrombus
and surface disruption (6) . Intravascular ultrasound has the
potential for precisely quantitating the severity of athero-
sclerosis, assessing lesion composition and identifying lesion
disruption and dissection . These characteristics will be help-
ful in guiding endovascular interventions that act on plaque
and vessel walls in a variety of ways . Persistent restenosis
rotes of 30% to 40% with all of the current interventions and
devices (balloon, laser, athereclomy) make the study of the
Table 1. Specifications of Current Intravascular Ultrasound Systems
OD = outer diameter.
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Figure 1 . Contrast angiogram of the proxi-
mal left coronary artery . The arrow points
to an area of minimal lumen irregularity
.
The inset is the corresponding intravascular
ultrasound image demonstrating an eccen-
tric plaque (arrowheads delineate the extent
of the plaque). H = catheter housing arti.
fact .
response of vessels to injury imperative . Intravascular ultra-
sound provides quantitative and qualitative information that
may be useful in both the performance of acute interventions
and the study of their effects on atherosclerosis
.
Intravascular Ultrasound Devices
Ultrasound imaging catheters (Table 1) .
The miniaturiza-
tion of ultrasound crystals and transducers and develop-
ments in image processing have resulted in commercially
available ultrasound imaging catheters (13,14) . At present,
the smallest catheters are 3 .5F (1 .16 mm outerdiameter) and
imaging is performed in both the peripheral
and the coronary
circulation . The ultrasound transducers in clinical use are
side viewing, which results in a 360' tomographic image of
the artery . One catheter system uses a modification of
phased array technology
(14) . Other catheter systems use
mechanical sector scanning and contain a centrally rotating
core (<--1,800 rpm) . The phased array device or sector
Type or System (company) CalheterSixe Delivery
Frequency
(MHZI
Mechanical ICardiovawulur Peripheral 5F (OD 1 .7
con)
Over wine ar trod lip 30
Imaging Sysleml SF (OD 27 mml Fixed tip 20
Coronary 4 .3F (OD L42 alm) Over wiry 30
Mechanical Ilntenherapyl 4.9F
sheath
(OD 1 .6 mall Images through sheath 20
Phased array (End osanicsl
3F imaging device (OD I m a
7.SF (OD 2 .6 men Over wire 20
3.5F COD 1 .16 man Over wire 20
Mechvnical)Diusoear) 4.8FIOD1 .6mm1 Rounded op 20
3.4Fprolotypcicoronuryl Monorail 20
Mechanical IDumeJl 4 .9F IOD 1 .7 mml Rounded tip 30
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scanner consists of 32 to 64 tiny ultrasound elements circum-
ferentially located at the tip of the catheter . Each element is
fired sequentially, thus scanning individual sectors (14): a
complex computer algorithm then displays and reconstructs
individual scan lines to produce a single cross-sectional
image of the vessel, The mechanical devices contain either a
rotating crystal or a rotating reflector with a stationary
crystal . The modification using the reflector serves to in-
crease the distance from the wall to be imaged to the
ultrasound element itself, resulting in less near field artifact
(14).
The transducer . The use of frequencies from 10 to
40 MHz allows high resolution imaging of structures close to
the transducer, a feature that makes intravascular imaging
possible. The lower frequency (10-to 20,,MHz) devices have
been utilized to image intracardiac structures such as cardiac
valves (15) and the intraatrial septum 115? In a study by
tuner et al. (I5) using 20-MHz transducers- idenuhcation of
the number of aortic cusps or a calcified median raphe was
used to distinguish stenotic congenitally bicuspid aortic
valves from the tricuspid variety at the time of aortic balloon
valvuloplasty. The higher frequency (20- to 40-MHz) cathe-
ters coupled with the proximity of the catheter to the vessel
wall in intravascular imaging produce striking images of
diseased and normal arteries, One potential limitation of the
higher frequency (40-MHz) catheters in living patients is the
spontaneous contrast effect produced by reflections from red
blood cells. This effect produces an intraluminal ultrasound
signal that may be misinterpreted as thrombus or overesti-
mate the presence of atherosclerotic plaque . For these
reasons, 20- to 30-MHz transducers are c,irrently more
frequently employed than are the 40-MHz transducers for
intravascular imaging in vivo .
Mechanical versus phased array systems. Both systems
have been safely employed in the peripheral and coronary
circulations. Use of the catheter over a guide wire reduces
the potential for mechanical vascular trauma and the high
frequency, low intensity ultrasound energy does not appear
to after or injure tissues . Controversy exists as to the
superiority of intravascular phased array versus mechanical
scanners. Al present, the phased army catheters are more
flexible and easier to manipulate in the coronary circulation,
They contain a central lumen for an 0 .014-in . (0 .036 cm)
guide wire, facilitating passage into distal or tortuous vliscu-
lar segments . However, some investigators believe thani the
mechanical devices yield superior images (17). More recent
modifications have led to the development of monorail
systems using 0 .014- to 0.016-in . ((1 .046 cm) guide wires_
improving the flexibility and tracking of the mechanical
systems . Additional miniaturization of the intravascular
ultrasound imaging systems and the development of
;or-
ward-viewing devices are being actively pursued. It is can-
ceivable that these two improvement, . which are expected
shortly, coupled with further developments in image quality
and processing will expand the applications of this technol-
ogy.
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Normal Vascular Structure
Vein, (Fig
. 2)
Intravasealar ultrasound has been safely employed to
image peripheral and central venous structures. Normal
veins exhibit a single echo-reflective ring that is homoge-
neous in appearance (Fig. 2A). We and others 118) have
imaged vein grafts in vivo many vents after coronary artery
hepass surgery and have demonstrated that their appearance
changes o, er time
. Figure 2B demonstrates that saphenous
veins that have been surgically positioned in an arterial bed
take on an ultrasound appearance similar to that of arterial
structures with three identifiable layers . Both intimal and
adventitial fibrous proliferation as well as medial fibrous
replacement occur. Pressure phenomena . medial ischemia
and circumferential intimal thrombus formation may contrib-
ute to these changes (19.20) . These result in layers with
different acoustic properties producing a three-layered ultra-
sound appearance similar to that seen in normal muscular
arteries IF1g . 1BI
.
Pidinonee n' Arteries
Pandian et al . (21) have performed in vivo insrging f
pulmonary arteries in animal, and humans
. They demon-
strated ease and safety of ultrasound catheter insertion into
the pulmonary vasculature
. The position of the catheter in
the main pulmonary artery and its branches . bifurcation
points and wedge position could be determined by the shape
of the ultrasound image . Pulsations seen on fluoroscopy as
the catheter passed through the branches of the pulmonary
artery were lost once it reached the wedge position . When
imaging the canine pulmonary vasculature in experimental
studies. difficulty in maintaining the catheter coaxial in the
vessel to avoid truncation and image distortion is a current
limitation . The use of balloon-tipped ultrasound imaging
catheters may help minimize this problem .
Evaluation of pulmonary hypertension and thrombuembua
lism. Contrast angiography has been shown to lack sensitiv-
ity and specificity in the detection of chronic pulmonary
thromboembolism 122) . In addition, in patients with severe
pulmonary hypertension . the effects of contrast agents may
result in increases in blood viscosity that are potentially
lethal (2_3) . In a study by Rican et al . (24) in I I patients
undergoing evaluation for pulmonary hypertension, ultra-
sound imaging identified proximal pulmonary artery seg-
ments that were believed to show signs of thrombus . Al-
(hough fiberoptic angioscopy has proved useful in identifying
chronic pulmonary emboli, intravascular ultrasound may be
easier to use . The preliminary results of Ricou et al
. (24)
suggest that intravascular ultrasound may be clinically useful
in the diagnosis of this condition . At the time of surgery . 10
pulmonary artery segments seven patients) had thromboem-
belt that had been predicted by intravascular ultrasound . Of
nine segments with normal ultrasound findings, eight were
free of thromboembolism at the time of surgery . Further-
1814
	
COY ET AL.
INTRAVASCULAR ULTRASOUND IMAGING
Figure 2. A, Intravascular ultrasound appearance of a normal vein
imaged in vivo . Note the single-layered appearance of the vessel
wall (arrowhead) . B, Inlravascular ultrasound appearance of an
8-year old saphenous vein graft imaged in vivo. There are bright
inner (1) and outer rings visible, as is seen in normal muscular
arteries . C - catheter ; H - catheter housing artifact .
more, intravascular ultrasound may prove to be safer than
conventional pulmonary angiography because it obviates the
need for contrast injection.
Systemic Arteries
Correlation with histologic subtypes (Fig . 3 and 4) . As
experience with imaging arteries of different histologic sub-
types has grown and catheter technology has improved,
several ultrasound patterns have been noted . However, until
recently, only a few studies had correlated ultrasound im-
ages with histologic findings . Many investigators have com-
mented on a three-layered appearance
of normal arterial
Figure 3. Cross-sectional image of a normal arterial segment. Note
the three-layered appearance characteristic of a normal muscular
artery. The arrow points to the inner bright ring and the arrowhead
identifies the outer bright ring. 1 = the middle echolucent zone ;
other abbreviations as in Figure 2.
segments (Fig . 3). Roelandt and Serruys (25) noted the
three-layered structure of muscular arteries but explained
that it was a rare finding caused by lack of resolution of the
imaging devices . Gussenhoven et al . (26) differentiated elas-
tic from muscular arteries by the microscopic composition of
their media . They utilized high frequency (40-MHz) ultra-
sound catheters to image nonformalin-fixed carotid and iliac
Figure 4. Inlravascular ultrasound images obtained in a nonpressur-
ized (0 mm Hg) and a pressurized (100 mm Hg) system. There is
thinning of the bright inner layer when imaging is performed under
physiologic pressure . Arrowheads identify the inner and outer
layers. A = artifact created by catheter housing and ring down ; C =
catheter.
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artery segments in vitro and demonstrated two ultrasound
patterns. The muscular arteries were recognized by a hypo-
echoic media separating bright reflections from the internal
and external elastic lamina. In elastic a rteries . ao distinction
between layers could be made and this was attributed to the
presence of elastic fibers in the media . Our group and others
(27) have used microdissection techniques to determine the
histologic origin of the three-layered appearance of normal
muscular arteries . In our study of formalin-fixed human
arteries, intima. media and adventia were individually re-
moved before imaging was performed . The findings indi-
cated that the homogeneous muscular media appeared as an
echolucent zone ; the bright inner echo signals were due to
the interface of blood with the iotima or internal elastic
lamina, or both, and the bright outer ring was due to the
acoustic interface between media, adventitia or external
elastic lamina, respectively .
Webb et a! . (28) in a similar study hypothesized that the
inner bright layer was too broad to represent iotima . Thee
found that this bright layer was prominent only in arteries
with a well defined internal elastic lamina and that its width
exceeded the width of intima plus internal elastic lamina
.
This finding was attributed to broadening as a result of strong
reflectance produced by the high elastin content of the
internal elastic lamina. This broadening was diminished
when the vessels were imaged in a pressurized system land
has been confirmed in our laboratory [Fig
. 41)
. Removal of
the intima alone by microdissection did not lessen the
brightness of the inner layer, but removal of the lamina
enzymatically resulted in significant reduction in its promi-
nence. We theorize that such an enzymatic approach also
removes the elastic content found in most adult normal
arteries and is thus potentially less selective than surgical
microdissection .
Nishimura et al. (29) imaged 130 fresh pathologic arterial
segments under physiologic pressure (60 to 80 mm Hg) and
compared the images with the histologic findings . They
defined three different arterial subtypes histologicodly
: elas-
tic, muscular and transitional (musculoelastic) . Ultrasound
images were classified by the appearance of the media and
adventitia as having either a distinct i nterface . a n indistinu
interface or a homogeneous appearance . Microscopically,
vessels of the different histologic subtypes exhibited vari-
ability in the content, density and location of elastin and
smooth muscle. These findings demonstrate how intravascu-
lar ultrasound, unlike angiography or angioscopy, provides a
transmural characterization of the arterial wall
.
Quantitative assessment of normal arteries (Table 2) . In-
travascular ultrasound imaging also has the potential for
quantitative assessment of normal vessels. The 360' cross-
sectional !omographic images and the delineation of vascular
layers as a result of their differing acoustic properties allow
measurement of lumen diameter and area, wall thickness and
plaque area. A series of in vitro studies (30-32) using
ultrasound probes of 20 to 25 MHz found close correlation
between ultrasound and histologic measurements (Table 21 .
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Result, of Studies Comparing Quantitaire liarac-ascular
Ghrasound toil Histolugic Measurements
-In1i vii thlckne,, .
The corrclatiot coefficients from these studies were similar
and ranged from 0 .76 to 0.98 for the measurement of lumen
diameter . wall thickness. lumen area determined by planim-
cityy . percent reduction in cross-sectional area .rnd plaque
area. The least accurate eoroclation it = 0 .71) was that for
wall mass determination by Hodgson et al . (31), using a
phased array ultrasound system . They (31) postulated that
the low r value reflected difficulty in identifying the outer
vessel edge on some ultrasound images . Further investiga-
tion by Pardian et al. (33) comparing external high frequency
and intravascular ultrasound measurements found close cor-
relation between the two (r
-
0 .86). However, the intravas-
cular ultrasound measurements were better correlated -+=;th
the histopathologic measurements Ir = 0 .921 than were the
external ultrasound measurements Ir = 0
.82). These studies
suggest that intravascular ultrasound provides accurate
quantitative data in normal arteries .
Abnormal Vascular Segments
Atherosclerotic plaque (Fig
. 5 and 6)
. Ultrasound can be
reliably used to distinguish normal from abnormal vascular
segments . Gussenhoven et al. (34) recently described medial
thinning (a reduction in the echolucent inner ring) as a
finding in the development of atherosclerosis in muscular
arteries . Furthermore. the abnormal segments can be sub-
classified on the basis of plaque composition or the presence
of thrombus . Several investigators (26,30) as well as our
group (35) have been able to distinguish fibrous. lipid-rich
and calcified plaques by their ultrasound appearance in vitro .
Fibrous plaques are characterized by bright echo signals that
are t .latuvely homogeneous (Fig. 5A1 . Lipid-rich plaque
produce
; echolucent zones often located within fibrous
plaque (Fig . 58) . Calcified plaques (Fig . 6) are characterized
by bright echo signals beyond which signal dropout or
acoustic shadowing occurs . In a study by Polkin et al . (30) to
determine the reliability of ultrasound tissue characteriza-
tion, diseased postmortem coronary artery segments were
imaged and visual interpretations were correlated with his-
tologic analysis . The investigators found that ultrasound
identified fibrous plaque in 91%c, lipid deposits in 78% and
calcified plaques in 100% of cases . The lower sensitivity in
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Figure 5. Opposite page (lop). Corresponding histologic sections
(left) and ultrasound images (right) from a fibrous plaque (A) and a
lipid-filled plaque (B). There is a relatively homogeneous ultrasound
appearance of the fibrous plaque iF), ,hercas the lipid-filled plaque
(LI has an echolucent central zone . Adapted with permission from
Siegel RI, Potkin B . Intravascular ultrasound imaging : clinical
pathologic correlation : In : West AlL ed. Proceedings of SPIE (The
International Society of Optical Engineering) : Catheter-Based Sea,
ingand Imaging Technology . Bellingham. W.4: SPi. . ;989.1068:130 .
Figure 6. Opposite page (bottom). Corresponding ultrasound image
(a) and histologic section (b) from a vessel with a calcitic deposit,
a, The calcium stains darkly on the histologic section (black arrow
.
heads). b, There is "acoustic shadowing" or dropout of the ultra-
sound signal beyond the calcifications (white arrowheads)
.
detecting lipid deposits was related to difficulty in distin-
guishing echo dropout from echolucent lipid when present in
fibrous plaque .
Thickness and composition of vascular layers. The alhero-
sclerotic process itself leads to alteration in the thickness
and composition of vascular layers . Before the advent of
vascular (external and internal) ultrasound imaging. there
was no simple in vivo imaging technique that could ade-
quately evaluate vessel and plaque composition . Mallery ci
al . (36) used a 20-MHz intravascular ultrasound imaging
catheter to measure in vitro intima, media, total wall and
plaque thickness . Gross pathologic arterial specimens with
varying degrees of atherosclerosis were imaged in a system
designed for optimal catheter positioning . Measurements
were compared with those obtained at histologic examina-
tion . They (36) found close correlation between intimal
thickness and total wall thickness measured by be h ultra-
sound and histologic study (r = 0 .91 and 0 .85, respectively) .
However, ultrasound consistently overestimated histologic
measurement of intimal and total wall thickness by 0.3 and
0.7 mm, respectively. This problem was not seen when mean
medial thickness was measured by ultrasound (correlation
coefficient r = 0 .83 with histologic assessment) . The over-
estimation of the measurements by ultrasound was believed
to be due to increased signals produced by highly echo-
reflective structures, specifically the internal elastic lamina .
Other factors, such as shrinkage of histologic specimens
during fixation and processing or imaging at ambient temper-
ature (which alters sound wave velocity), also contribute to
potential sources of disagreement between ultrasound and
histologic assessment . Further in vitro studies by'l'ohis et al .
(37) of lumen area both before and after balloon angioplasty
showed a close correlation between ultrasound and his-
tologic measurements (r = 0 .88) . The design of their study
(37) was similar to that of Mallery et al- (36)- with optimal
catheter positioning attempted and maintained throughout
imaging.
Vascular lumen measurements . In vivo studies using in-
travascular ultrasound to assess vascular dimensions have
also been performed and significant correlation with his-
tologic measurements has been shown . Nissen et al. (38)
.
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Figure 7. lntravascutar ultrasound image of a peduncutaied throm-
bus (TI. The ultrasound characteristics of thmmt include the
granular or speckled appearance and its intralu,,,,,,al location .
Arrowhead points to the "stalk," H = catheter housing artifact,
using dog and pig models, produced focal stenoses in vessels
by tissue ligature and created vessel distortion by balloon
dilation
. The correlation between intravascular ultrasound
(using 2_)1-MHz phased army catheters) and cincangiography
(using calipers for measurement) was high (r = 0
.98) for
vessel dimensions . There was close correlation when sever-
ity of sterosis was compared Ir = 0.89) as well as when
lumen cross-sectional area was evaluated )r = 0 .88) . When
the vessel was distorted . the correlation was not as great as
a result of eccentricity of the vessel (r = 0 .81) . These studies
li' .) indicate that with intravascular ultrasound . one can
measure the reduction in lumen cross-sectional area. a s well
as absolute cross-sectional area and plaque area .
Comparison with quantitative angiography . In vivo hu-
man studies comparing intravascular ultrasound and quanti-
tative cineangiegraphy in the periphery have also been
shown to correlate . Nissen et al . (39) . using newer miniatur-
ized catheters 15 .5F). demonstrated the safety and accuracy
of the technique in the coronary circulation . Comparing
ultrasound and eineangiographic measurements, close cor-
relation
fur minimal lumen diameter (r = 0831 and cross-
sectional area (0.831 was found
. Hodgson et al . (40) studied
small changes in coronary cross-sectional area induced by
vasoactive drugs . Acetylcholine 110' M) resulted in a 97
change from baseline measurements and papaverine (I5 mg)
and nitroglycerine 1100 µgm) resulted in an 11% and 717,
change, respectively . In this same report (40) . coronary
lumen diameter measurements obtained with intravascular
ultrasound correlated with measurements made with quan-
titative digital angiography (r = 0 .80). These studies confirm
that ultrasound measurements remain accurate in the pres-
ence of atherosclerotic changes .
Detection of thrombus (Fig . 7) • Thrombus is character-
ized by a granular or speckled appearance with varying
sonographic gray levels. 11 may be pedunculated or mobile
when imaged in vivo (Fig. 7) . A comparative in vitro study
181E
	
COYCTAl .
IN rnxvnss'Ul .AR ULTRASOUND IMAGING
by Weintraub et al
. (41) fou-rd that angioscopy detected
thrombu with 1007r sensitivity and specificity, whereas
ultrasound imaging exhibited 92% sensitivity and specificity .
In a similar study of aiseased and normal vessels, our group
(42) Used hisoopathologic findings to compare the results of
intravascular angioscopy and ultrasound in 70 postmortem
arterial segments, but our findings were different from those
of Weintraub et al . (41) . Although angioscopy detected
thrombus in 100% of cases in our study, ultrasound was only
57% sensitive. In our study, the relative insensitivity of
ultrasound was due to inability to differentiate clot from stable
or disrupted atheroma. Pandian et al. (43) used ultrasound to
estimate the mass of thrombus in arterial segments and corre-
lated these findings with measurements made from calibrated
anatomic ph
,
tographs . They (43) found a high correlation for
lumen area occupied by thrombus (r -= 0 .98) . as well as for the
maximal width of thrombus (r = 0 .87) .
Detection of dissection and intimal flaps . Dissection, the
plane of dissection and intimal flaps are also readily visual-
ized by intravascular ultrasound. An in vitro study by Tobis
et al. (37) assessed arteries both before and after balloon
angioplasty. They (37) demonstrated that balloon angio-
plasty creates tears in the plaque at its thinnest region or at
interfaces bet neon plaque and normal vessel wall . Dissec-
4on planes between plaque and internal elastic lamina as
well as iltlima could be seen . Overall, ultrasound imaging
accurately predicted the presence or absence of dissection
in II of 13 arterial segments compared with histologic
study. Pandian et al, (44) used a 30-MHz probe and showed
that intravascular ultrasound could accurately assess the
length of a dissection in comparison with pathologic mea-
surements (r = 0 .91) . In addition, they (44) demonstrated
that ultrasound is able to visualize even small intimal
flaps (I mm in length) . We (42) found similar rates of
identification of disruptions by ultrasound (8I%) and angios-
copy (73%) in comparison with histologic findings
. We
hypothesize that these two methods are similar in their
ability to detect disruptions because the origin of the disrup-
tion is the intimal surface
. More recent work by Coy et al .
(45) suggests that in addition to depth, the length of the
dissection or disruption can be estimated by three-
dimensional ultrasound .
Potential Utility of Intravascular Ultrasound
Ultrasound imaging before and after atherectomy (Fig . 8) .
Current progress in the field of endovascclar intervention
has led to developments beyond balloon angioplasty . Novel
angioplasty devices and procedures such as hot and cold tip
lasers, directional and rotational atherectomy, high intensity
ultrasound recanalization and high speed drills have been
introduced. It is now important not only to guide but also to
evaluate the actions of the devices used to optimize their
efficacy and safety (46,47). All the devices used ablate or
remove tissue and therefore carry the risk of perforation
. We
have imaged canine thoracic aorta before and after direc-
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tionai atherectomy (Fin . 8) . The ultrasound images, which
were confirmed pathologically, delineated the amount of
tissue removed and the true residual arterial wall thickness .
Recent clinical experience (48) from histopathologic exami-
nation of specimens from human coronary atherectomy has
shown media in 64% and advenritia in up to 30% of samples .
As discussed ear(ie: in this review, contrast angiography
,
is
not ideally suited to guide interventions when knowledge of
residual wal! thickness is requisite . Intravascular ultrasound,
with its unique capacity to image the arterial wall, may
facilitate endovascclar interventions and maximize their
safety . Quantitative information such as the estimation of
plaque and total wall thickness as well as the ability to
distinguish eccentric from concentric plaques should aid in
device position's and guiding the amount of tissue re-
moved.
Yock et al . (49) imaged peripheral vessels before and after
directional atherectomy in humans . They found that ultra-
sound imaging facilitated positioning of the device . angiog-
raphy underestimated the residual atheroma and identifica-
tion of media served as a guide to the location of the vessel
wall . In addition to aiding it. decision-making, ultrasound
findings also altered the choice of therapy because dissec-
tions not detected by angiography could be identified and
removed .
A more recent study from the same center (50) used
ultrasound to evaluate the effect of athcectomy on the
coronary circulation of 31 patients
. Fewer surface irregular-
ities were noted after coronary atherectomy than have been
seen in the periphery after atherectomy . More tissue (al-
though the difference was not statistically significant) was
removed from concentric compared with eccentric lesions
and less plaque could he removed from more heavily calci-
fied lesions. In addition, this imaging technique could poten-
tially be used intmoperativcly in the identification of venous
valves, webs, breach points and suture hues .
Imaging during and after laser angioplasty
. Laser angio-
plasty works by means of a number of mechanisms that vary
with the particular type of system employed . These mecha-
nism include vaporization, thermal compression and sealing
(51,52) . E,:perimental data (51) suggest that laser sealing, a
feature of (Nd :YAG) lasers, results in a smooth surface that
may be less thrombogenic than the rough irregular surface
left after balloon angioplasty . At present, the only method
capable of studying the tissue effects of laser devices,
histologic assessment, is obviously not suitable for clinical
studies. At present, combined ultrasound imaging and laser
delivery systems are under development
. Gregory et al . (53),
evaluated use of a 2 .?F catheter capable of both real time
ulltrasounj imagng and radially directing Holmium laser
energy . They found that ultrasound imaging of both the
ablation prose's and vascular dimensions was possible dur-
ing laser firing.
Imaging before and after balloon angioplasty (Fig . 9),
Ultrasound imaging also provides useful information in
patients before and after 7ercutaneous transluminal balloon
JACC VOL 18. No. 7
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Figure 8. Histologic cross section of
canine aorta (A) and intravascular
ultrasound image (B) after atherec-
tomy . The aorta was perforated
(curved arrow) at the time of atherec-
tomy . C, Gross section showing
atherectomy cuts of different depths
(arrowheads). D, Caliper measure-
ments of the depth of the atherec-
tomy cuts on the ultrasound image
are identical to those on the gross
specimen. H = catheter housing arti-
fact.
angioplasty . We (54) reported on patients who underwent
angiography,angioscopy, and ultrasound imaging before and
after balloon angioplasty . After angioplasty
. intimal tears,
subintimal hemorrhage, intima! flaps and arterial dissection
were found at the angioplasty site by angioscopy and intra-
vascular ultrasound but were not detected by angiography
(Fig. 9). Angioscopy was superior for assessing the endovas-
cular surface and detecting subintimal hemorrhage and ultra-
sound was better for evaluating the depth of arterial tears or
dissection . These data support the in vitro and experimental
data suggesting that the type of information derived from the
three imaging techniques is quite different and that each may
have a specific role in intravascular diagnosis.
Treatment of calcified plaque
. Currently, little is under-
stood about the response of a particular plaque type to a
specific intervention and our knowledge about the delicate
balance between tissue removal and restenosis is limited .
Conflicting data exist concerning the ability of balloon and
laser angioplasty to treat calcific plaques . Some investigators
suggest that calcified plaques are not successfully managed
with balloon angioplasty (55), atherectomy (49) or some laser
devices (56) . The ability to qualitatively distinguish plaque
composition may have a significant impact on the use of one
device versus another . As more is learned about the re-
COY
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sponse of tissue to injury, it is hoped that we will be better
able to obiectively plan an intervention
.
Limitations of Intravascular Ultrasound
Catheter position within the vessel: eccentric lesions (Fig .
10). Although imravascular ultrasound imaging premises to
be a valuable tool in the quantitative assessment of vascular
disease . there are several limitations that may alter measure-
ments significantly . McKay et al. (57) found that transducer
displacement or angulation resulted in marked deterioration
of images and that increasing the gain was not sufficient to
correct for this
. Chae el al . (58), using phantom and human
vessels, identified several potential sources of error. The
first was related to catheter position within the vessel itself .
Eccentric placement of the catheter led to distortion in the
shape of the vessel, producing elliptic rather than circular
lumens . Significant alterations of the lumen diameter and
area were noted in comparison with those produced by a
centrally and coaxially placed catheter . Wall thickness was
similarly altered and there was distortion of the far wall (Fig
.
10)
. We believe that the limitation due to eccentricity may be
related to nonuniform transducer or mirror rotation of the
1820
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mechanical imaging devices and it is likely that this limita-
tion can be overcome.
Sound wave transmission through tissues with different
acoustic properties . We have found that a second potential
source of error relates to the transmission of sound waves
through tissues with different acoustic properties. Differ-
ences in measurements of vessel area were found when
saline solution, blood or gel was used as the imaging
medium . Similar alterations may occur when sound
waves pass through different types of plaques (that is, the
acoustic impedance may markedly differ in lipid and calcific
plaques) .
Distinguishing layers in severely sclerotic vessels. Rosen-
field et al . (59) studied 15 patients at the time of angiuplasty
and pointed out the difficulty in distinguishing individual
vessel layers in
erely atherosclerotic vessels . This prob .
lem resulted in the inability to quantify total cross-sectional
area in 75% of severely narrowrd and in 54% of mildly
narrowed vessels. They concluded that this difficulty would
seriously limit the use of iutravascular ultrasound in guiding
vascular inter ventions .
JACC Vol . 18. No. 7
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Figure 9. A, Baseline angiogmm of a human posterior
tibial artery obtained in vivo. Arrows denote a smooth
4-on, long stcnosis . B, Angiogram after percutaneous
balloon angioplasty reveals a smooth lumen at the
angioplasty site (arrows) . C, Angioscopy identifies a red
smooth intraluminal mass (arrows) that was seen and
removed before ultrasound imaging and angioplasty . D,
Angioscopy after angioplasty reveals an intimal tear
(arrows) not evident an angiography. E, Baseline ultra-
sound image at the site of the proximal arrow on the
angiogmms in A and B reveals a narrowed lumen with
thickened walls, consistent with atherosclerotic plaque .
F, After angioplasty, ultrasound imaging demonstrates a
tear and separation of the arterial plaque down to the
level of the adventitia (arrows)
. G, Baseline ultrasound
image at the site of the distal arrow on the mlgiogrom in
A reveals a narrowed lumen with increased echo density
and acoustic shadowing, suggesting calcification .
H,
After angioplasty, fragmentation of plaque is evident
(arrows) . Reprinted with permission from Siegel et al .
(54).
New Developments for Intravascular
Ultrasound Imaging
Tissue characterization (Table 3). New methods of ultra-
sound tissue characterization using backscatter analysis are
beingevaluated 160,61) . The proximity of the catheters to the
structure being imaged and the high resolution offered by
high frequency imaging provide favorable conditions for
tissue characterization
. In the future, this may allow objec-
tive differentiatirtn between plaque subtypes and aid in the
delineation of plaque from arterial media . This distinction is
important when devices that work by tissue removal
(alherectomy) are utilized . Three-dimensional reconstruc-
tion of two-dimensional ultrasound images using Voxel
space modeling is an extension of current technology
(62 .63). Images are acquired while a catheter is moved
through a vascular segment at a constant speed and three-
dimensional images are reconstructed by using a computer-
ized algorithm. The entire segment or cut portions can be
displayed as stationary or rotating images . There are several
potential benefits of this technique . The composition of
plaque may be determined over the length of a segment of
JACC Vol . 18
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Figure 10. Schematic diagram and corresponding
eltr sound images illustrate ideal and suboptimal
catheter placement in blood vessels . Panel A dem-
onstrates the circular images with sharply defined
borders when the catheter is central and coaxial .
Panel B illustrates noncoasial eccentric catheter
placement, resulting in elliptic images with blurring
	
swan G
of the lateral and far walls . C = catheter: H =
catheter housing artifact .
the vessel rather than from a single tomographic slice .
Dissections, their tissue plane and the length of dissection
can be demonstrated
. Furthermore, plaque thickness and
individual arterial layer thickness may be defined for the
entire length of the arterial segment
. Table 3 reviews current
intravascular imaging techniques and outlines the advan-
tages and disadvantages of each .
A. IDEAL CATHETER PLACEMENT
B. SUBOPTIMAL CATHETER PLACEMENT
Nov cufiei. ECCENTRIC
RESULTING IN EtuPTICAL
IMAGE WITH msTOnr}ON OF
IATE ANDFMHALL
Table 3
. Diagnostic Adjunct, to Endovasculer Intervention
ECM-IC
cRaaaL
NONCOA%NL
Advantages
Disudvamages
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Inability tocross lesions. Future end-viewing devices may
decrease the need to cross a lesion when assessing the
severity of a stenosis and plaque morphology or composi-
tion
. Inability to cross lesions is currently one of the major
obstacles of imaging stenoses and end-viewing devices might
diminish the need for further miniaturization
of ultrasound
imaging catheter systems .
Artioccope
Laserinduced Fluu
.. .c1uee
1 . Separates normal from dima,ed vessel walk
I . Fspericreo with the Iechnique is limited
2 . Provides a chii teritmion t . Doc
. not provide quantitative ieformminn
3 . h combined uvith a therapgtic devia 3
. Duc, not provide moryhologic Ispaiinll
0""'. "'n
4 . Duo not provide information about plaque
ihtcknc„
Intmvarealar Cltr :uound
I . Pncaidec quantitative informaion on plaque
I . Farther mmiamuzation is desirable
and wa11 thickness
2 . 1'rovido quahIaioc ns,ue chmncterimtion
2 Is nm forward viewing
3
. Can potentially be combined with a
therapeutic device
4 . Provides a 36a° tomographic view of
-.lame
I. Identifies thrombus
I . R quits displacement of blood
2 . Identifies surface characteristics of lumen
1 Cur, ant";.Sing is needed
3 . Is Toward viewing
3. C.m cause casc,l,r damage
4 . Has potential for use in comhination with a
I . Doe, not provide qui n i ve data
therapeutic device
Ha, pomntial for volume eccelced
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Evaluating tire effect of therapy and identifying high risk
lesions. We are now in the era of pharmacologic therapy that
can control hypertension . drastically improve a patient's
lipid profile and alter the natural history of atherosclerosis
164) . Modern catheter-hosed interventions make precise
knowledge of the status of the artery desirable for optimizing
results . However. standard contrast angiography, even with
digitization . does not provide sufficient information about
plaque characteristics or wall structure and is thus limited in
assessing progression or regression of atherosclerosis and
guiding endovascular intervention . The ideal end point in
pharmacologic therapy of lipid disorders is the effect on
changes in plaque morphology and geometry
. Because re-
stenosis is the major limiting feature of invasive interven-
tions
. a means of identifying high risk lesions should he
sought . Tissue characteristics will be an important factor in
studying how pharmacologic and endovascr
;lar interventions
directly alter tissue structure and lumen size . Intravascular
ultrasound imaging is now clinically feasible
. It yields mor-
phologic information that can be used to objectively guide
intervention, with one goal being reduced rates of restenosis .
In the near future, dramatic technologic refinements are
likely to lead to improved ultrasound image quality, three-
dimensional imaging, tissue characterization, forward view-
ing and reduced catheter size . These technologic advances
should provide the basis for more precise diagnosis and
characterization of vascular disease and, as a consequence,
more objective and definitive pharmacologic and interven-
lionaltherapy.
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